Although adult obesity has been associated with poor breast cancer survival, data on adiposity at different periods in life and its lifelong evolution are scarce. Our aims were to assess the associations between breast cancer survival and body size during childhood, puberty and early adulthood and body size trajectories from childhood to adulthood. Self-assessed body size at age 8, at puberty, at age 20-25 and at age 35-40 and trajectories of body size of 4,662 breast cancer survivors from the prospective E3N cohort were studied in relation to risk of death from any cause, death from breast cancer and second invasive cancer event using multivariate Cox regression models. Four trajectories of body size were identified (T1 "moderate increase," T2 "stable/low increase," T3 "increase at puberty" and T4 "constantly high"). Compared with stable body size, an increase in body size during adult life was associated with an increased risk of death from any cause (HR T1 vs. T2 5 1.27; 95% CI 5 1.01-1.60) and an increased risk of second invasive cancer event (HR T1 vs. T2 5 1.25; 95% CI 5 1.06-1.47). Silhouettes at various ages were not associated with survival. Our results suggest that the evolution of body size from childhood to adulthood has a long-term influence on breast cancer survival. Although these results need to be confirmed, this work sheds light on the need to combine lifelong approaches to current BMI to better identify breast cancer survivors who are at higher risk of recurrence or second primary cancer, or of death.
Breast cancer, the most prevalent cancer among women worldwide, 1 has a good prognosis with survival rates of >80% in developed countries. 2 While understanding modifiable factors influencing breast cancer risk remains crucial, the increasing number of breast cancer survivors highlights the need to identify modifiable factors that influence risks of relapse, second cancer and death after breast cancer. In addition to being a risk factor for postmenopausal breast cancer, obesity before and after a breast cancer diagnosis has been associated with poor survival. 3 Studies on breast cancer risk have shown that excess adiposity at several moments in life and body size trajectories could help better characterize the adiposity-breast cancer association. For instance, women with greater body size during their childhood/puberty were at decreased risk of breast cancer in several studies [4] [5] [6] [7] [8] [9] [10] [11] [12] while adult weight gain has been associated with an increase in breast cancer risk. 13 Despite the growing number of studies on the obesity-survival relationship, early ages body size and lifetime body size trajectories have not been much investigated. 14 One study 15 reported no association between BMI at age 16 and breast cancer-specific survival. Compared with stable weight, adult weight gain (since age [18] [19] [20] has been associated with an increased risk of death from any cause in two 16, 17 out of three [16] [17] [18] studies and with an increased risk of death from breast cancer in two 16, 17 out of five studies. [15] [16] [17] 19, 20 To our knowledge, no study has explored the association between body size trajectories from early childhood to adulthood in relation to breast cancer survival.
Therefore, the aims of our study were, using the data from a large prospective cohort study: (i) to assess the associations between body size during childhood, puberty and early adulthood and breast cancer survival; (ii) to characterize trajectories of prediagnostic changes in body size between childhood and adulthood in breast cancer survivors and to investigate the associations between these trajectories and breast cancer survival.
MATERIAL AND METHODS

The E3N cohort study
The "Etude Epid emiologique auprès des Femmes de la Mutuelle G en erale de l'Education Nationale" (E3N) study is a prospective cohort study initiated in 1990. 21 Overall, 98,995
women aged 40-65 years were recruited from a national health insurance plan covering mostly teachers. All women gave informed consent, in compliance with the rules of the French National Commission for Data Protection and Privacy, the organization that gave ethical approval for the study. Follow-up questionnaires have been sent every 2-3 years to the participants since 1990, collecting data about lifestyle and reproductive factors as well as major health events, including cancer.
Outcome assessment
In each follow-up questionnaire, women were invited to declare any new cancer event (primary tumors and locoregional or distant recurrences) that was then systematically investigated and validated by collecting pathological reports and/or clinical records from the patients or their doctors, up to December 7, 2011 (date when the last questionnaire was sent). Tumor characteristics such as stage, grade, nodes, distant metastases, tumor size, hormonal receptor status and histological type were extracted from the reports. Overall survival (OS) was defined as time to death from any cause and breast cancer specific survival (BCSS) as time to death from breast cancer. Invasive disease-free survival (iDFS) after a primary invasive breast cancer was studied using second invasive cancer event or death from any cause as outcomes of interest, as defined in details previously. [22] [23] [24] We considered loco-regional invasive recurrences, distant recurrences (metastases), or second invasive cancers of any other primary sites as second invasive cancer event. Vital status of the participants was regularly updated thanks to health insurance data, doctors and families and causes of death were obtained from the French National Service on Causes of Death.
Body size assessment
In the baseline questionnaire (1990), women were invited to choose, among eight silhouette drawings (numbered 1-8, leanest to largest), 25 the one that best described their body size at age 8, at puberty, at age 20-25 and at age 35-40.
Recalled birth weight and height were collected in 2002. Birth weight was categorized in low, medium, large or missing. Birth size was categorized as small, medium, large or missing.
At baseline and in each follow up questionnaire women were asked to provide their weight in kilograms. Height (cm) was self-reported in 1990 and 1995 and in all questionnaires since 2000. BMI was then computed according to the weight reported in each questionnaire as weight (kg)/ [height (m)*height (m)]. Prediagnosis BMI was the last available BMI before diagnosis (on average 1.8 years before diagnosis).
Study population
Only women with no personal history of cancer, except basal cell skin carcinoma or in situ colorectal cancer, prior to breast cancer diagnosis and whose first primary breast cancer had been confirmed by a pathological report before June 25, 2008 (N 5 5,991, 94.3% of breast cancer cases reported before June 25, 2008) , were included in the study. We excluded women with incomplete date of any cancer event or death (N 5 133), in situ breast cancer (n 5 760), phyllode tumors or tumors with missing morphological codes (n 5 7) and metastatic disease at diagnosis (n 5 39). Women with silhouette missing for at least one age period were additionally excluded (n 5 383), as well as women without prediagnostic BMI (n 5 7). In the end, 4,662 women diagnosed with a primary invasive nonmetastatic breast cancer between 1990 and June 25, 2008 were included in the analysis.
What's new?
Obesity is a known factor affecting breast cancer survival. It remains unclear, however, whether body size in early life is associated with breast cancer survival in adulthood, or whether only adult obesity is relevant in this context. Here, analyses of life-course body size from childhood through puberty to adulthood show that an increase in body silhouette, particularly during adulthood, is associated with elevated risks of breast cancer recurrence, second primary cancer and death. The findings suggest that consideration of body size trajectory can help identify breast cancer survivors with increased likelihood of recurrence and poor outcome.
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Statistical analyses
As few women chose silhouettes 4-8 at age 8, at puberty and at age 20-25 and silhouette 1 at age 35-40, silhouettes were categorized as follows in the analyses: 1, 2, 3, 4 or more at age 8, puberty, or age 20-25; 1 or 2, 3, 4, 5 or more at age 35-40.
Evolution of body size from childhood to age 35-40 was characterized using group-based trajectory modeling. 26 Body sizes at each age (before categorization) were considered as longitudinal data and used to define trajectories of women having similar evolution of body size, based on the censored normal model of SAS Proc TRAJ. To do so, we first assigned a single age to each silhouette: age 13 years (rounded age at menarche) for puberty, age 22.5 years for silhouette at age 20-25 and age 37.5 years for silhouette at age 35-40. As recommended, 27 ,28 the optimal number of trajectories in the study population was determined based on the Bayesian information criterion and the percentage of subjects across trajectories, with a maximum of five groups tested given the available data. The shape of each trajectory was then determined. As birth weight and size were likely to influence trajectories, models adjusted for both factors were examined, but only adjustment for birth weight was included in the final model because including birth size did not influence trajectories. For each trajectory, the mean posterior probability for each individual belonging to this trajectory was calculated.
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For descriptive analyses, heterogeneity between groups of women defined according to their body size trajectories was assessed using chi 2 tests or analyses of variance. For survival analyses, follow-up started at the date of diagnosis of the first primary invasive breast cancer. For OS and BCSS analyses, women were followed until the event of interest or until December 7, 2011. In the iDFS analyses, women who did not answer the last questionnaire before date of death or December 7, 2011 (11.0%) were considered lost to follow-up, and censored at the date of the last completed questionnaire plus 6 months. Otherwise, women were followed until the date of diagnosis of a second invasive cancer event, date of death, or December 7, 2011, whichever occurred first. Cox proportional hazards models with time since diagnosis as the timescale were used to estimate hazard ratios (HRs) and 95% confidence intervals (CI) associated with body size at each age and with trajectories. Proportional hazards assumption was assessed using log-log plots. For tests of linear trend across categories, we assigned to the participants the median value of each category and modeled the corresponding variable as a continuous term. Adjustment variables were selected in univariate analyses and included age at diagnosis, tumor characteristics (Scarff-Bloom-Richardson (SBR) grade of the tumor, estrogen receptor (ER) status, progesterone receptor (PR) status, TNM stage and histological subtype), age at menarche, age at first full-term pregnancy, number of children, total duration of breast-feeding, ever use of oral contraceptive, menopausal status at diagnosis, age at menopause and menopause hormone therapy (MHT) use before diagnosis, family history of breast cancer, high blood pressure, smoking status before diagnosis, education level, marital status at diagnosis and prediagnosis BMI. The model was also stratified according to the period of diagnosis. For covariates with <5% missing values, missing values were imputed to the modal category or the median value. For SBR grade (11.8% missing values) and hormone receptor status (ER: 16.1% missing values, PR: 19.0%), we created a missing category.
Analyses were stratified according to menopausal status at diagnosis, hormone receptor status, age at menarche and overweight status at diagnosis.
We performed a sensitivity analysis excluding women born preterm (born at least one month before due delivery date). Adjustments for dietary factors such as daily energy and alcohol intakes in 1993 were examined on the subpopulation for which dietary data was available, after exclusion of subjects with extreme energy intakes (in the 1st or 99th percentile for the ratio between total energy intake and energy requirement).
All statistical tests were two-sided, and p-values below 0.05 were considered statistically significant. All analyses were performed with the Statistical Analyses Systems (SAS) version 9.4 (SAS Institute, Cary, NC).
RESULTS
Silhouettes and trajectories
As shown in Figure 1 , whereas silhouette 1 was the most frequently reported silhouette at age 8 (57.5%), silhouette 2 was the most frequent at puberty (33.9%) and 20-25 (44.0%) and silhouette 3 was the most frequent at 35-40 (42.8%). Figure 2 shows the four identified trajectories of body size evolution. The model with two trajectories following linear trends (T1, T2) and two trajectories following cubic trends (T3, T4) showed the best fit to data. The first trajectory (T1) can be described as a continuous increase in body size over time, especially between ages 20-25 and 35-40, and was named "moderate increase". The second trajectory (T2 is characterized by a stable body size from childhood until age [35] [36] [37] [38] [39] [40] ("stable/low increase"). The third trajectory (T3) is characterized by a strong increase in body size at puberty ("increase at puberty"). The fourth trajectory (T4) described a constantly high body size ("constantly high"). Percentages of women following the T1, T2, T3 and T4 trajectories were 21.4; 29.6, 35.8 and 13.2%, respectively, and posterior group membership probabilities were 0.84, 0.93, 0.94 and 0.90, respectively.
Population characteristics
Among the 4,662 women included in the analyses, 602 women died before the end of follow up (422 deaths from 2 Deaths from breast cancer. 3 Second cancer event or death from any cause. 4 Model is adjusted for birth weight (low/medium/large/missing) and height (small/medium/large/missing), age at diagnosis (continuous), SBR grade of the tumor (1/2/3/missing), ERs status (positive/negative/missing), PRs status (positive/negative/missing),TNM stage (I/II/III), histological subtype (ductal/lobular/mixed/other) age at menarche (continuous), number of children and age at first full-term pregnancy (no child/one child before age 30/one child after age 30/>1 child, first before age 30/>1 child, first after age 30), breastfeeding (<6 months/>6 months/no breastfeeding), use of oral contraceptive (ever/never), menopausal status at diagnosis, age at menopause and ever use of MHT (menopausal after age 50 not using MHT/menopausal after age 50 using MHT/menopausal before age 50 not using MHT/menopausal before age 50 using MHT/premenopausal/missing), family history of breast cancer (no/in first degree relatives only/in 1rst and second degree relatives), high blood pressure before diagnosis (yes/no), smoking status before diagnosis (current/past/never), education level (undergraduate/0-2 years postgraduation/3-4 years postgraduation/ 5 years postgraduation), marital status before diagnosis (single/couple), prediagnosis BMI (continuous) and stratified on year of diagnosis (1990-1994/1995-1999/2000-2004/2005-2008) .
breast cancer). The number of second invasive cancer events was 1,185 (434 metastases, 394 loco-regional recurrences, 198 sec primary cancers, 6 uncertain whether primary tumor or metastatic disease and 153 unclassified cancer event without any pathological report). Mean follow up for the overall population was 11.1 years for OS and BCSS and 9.2 years for iDFS.
As shown in Table 1 , tumor characteristics did not materially differ across trajectories, except for the "stable/low increase" (T2) and the "constantly high" (T4) trajectories, among which ductal subtype was more frequent. Prediagnosis BMI was the highest for women with the "constantly high" trajectory and the lowest for women with the "moderate increase" trajectory.
Survival analysis
Silhouettes were not associated with survival, except for a borderline significant inverse association between risk of second invasive cancer event and silhouette at puberty (HR silh. 4 vs. silh. 1 5 0.84; 95% CI 5 0.70-1.01; p-trend 5 0.04; Table 2 ).
Compared with the "stable/low increase" trajectory (T2), women in the "moderate increase" trajectory (T1) were at increased risk of death from any cause (HR T1 vs. T2 5 1.27; 95% CI 5 1.01-1.60) and of second invasive cancer event (HR T1 vs. T2 5 1.25; 95% CI 5 1.06-1.47; Table 3 ). The "constantly high" trajectory (T4) was also associated with an increased risk of death from any cause (HR T4 vs. T2 5 1.32; 95% CI 5 1.00-1.74), but not with iDFS (HR T4 vs. T2 5 1.17; 95% CI 5 0.96-1.42). No trajectory was associated with BCSS.
No interaction was detected with menopausal status, hormone receptor status, prediagnostic BMI or age at menarche (Table 4 , all p-interaction > 0.14).
In stratified analyses, statistically significant associations between T4 and OS were confined to premenopausal women and women older than 13 years at menarche. T1 was significantly associated with OS in ER 1 PR1 and women with BMI >25 kg/m 2 and with iDFS in premenopausal and postmenopausal women, in ER 1 PR1 cases, in women with BMI lower than 25 kg/m 2 and older than 13 years at menarche.
Excluding women who were born prematurely (n 5 158) did not change the results. Including only women with daily alcohol and overall energy intake available (N 5 3741) and adjusting for these two factors did not change materially change the findings.
DISCUSSION
In this population of breast cancer survivors, an increase in body size during adult life was associated with an increased risk of death from any cause and of second invasive cancer event, compared with women whose body size remained stable until age 35-40. A constantly large body size was also associated with an increased risk of second invasive cancer event.
To our knowledge, no study examined the association between body size during childhood and survival after breast cancer. One study on 166 breast cancer patients examined BMI at age 16 and showed no association with BCSS. 15 Although no previous study has explored the association between body size trajectories and breast cancer survival, our results are consistent with some of the previous reports that investigated adult weight gain. In a meta-analysis (14) , two 16, 17 out of three [16] [17] [18] studies reported an increased risk of death from any cause in women with the highest weight gain between age 20-30 and diagnosis, compared with women with stable weight and two 16, 17 out of four 16, 17, 19, 20 studies 2 Deaths from breast cancer. 3 Second cancer event or death from any cause. 4 Model is adjusted for age at diagnosis (continuous), SBR grade of the tumor (1/2/3/missing), ERs status (positive/negative/missing), PRs status (positive/negative/missing),TNM stage (I/II/III), histological subtype (ductal/lobular/mixed/other) age at menarche (continuous), number of children and age at first full-term pregnancy (no child/one child before age 30/one child after age 30/>1 child, first before age 30/>1 child, first after age 30), breastfeeding (<6 months/>6 months/no breastfeeding), use of oral contraceptive (ever/never), menopausal status at diagnosis, age at menopause and ever use of MHT (menopausal after age 50 not using MHT/menopausal after age 50 using MHT/menopausal before age 50 not using MHT/menopausal before age 50 using MHT/premenopausal/missing), family history of breast cancer (no/in first degree relatives only/in first and second degree relatives), high blood pressure before diagnosis (yes/no), smoking status before diagnosis (current/past/never), education level Second cancer event or death from any cause. *Model is adjusted for birth weight (low/medium/large/missing) and height (small/medium/large/missing) (except for trajectories), age at diagnosis (continuous), SBR grade of the tumor (1/2/3/missing), ERs status (positive/negative/missing), PRs status (positive/negative/missing), TNM stage (I/II/III), histological subtype (ductal/lobular/mixed/other) age at menarche (continuous), number of children and age at first full-term pregnancy (no child/one child before age 30/one child after age 30/>1 child, first before age 30/>1 child, first after age 30), breastfeeding (<6 months/>6 months/no breastfeeding), use of oral contraceptive (ever/ never), menopausal status at diagnosis, age at menopause and ever use of MHT (menopausal after age 50 not using MHT/menopausal after age 50 using MHT/menopausal before age 50 not using MHT/menopausal before age 50 using MHT/premenopausal/missing), family history of breast cancer (no/in first degree relatives only/in first and second degree relatives), high blood pressure before diagnosis (yes/no), smoking status before diagnosis (current/past/never), education level (undergraduate/0-2 years postgraduation/3-4 years postgraduation/ 5 years postgraduation), marital status before diagnosis (single/couple), prediagnosis BMI (continuous) and stratified on year of diagnosis z (1990-1994/1995-1999/2000-2004/2005-2008) . Models stratified for each factor are not adjusted for this factor.
reported an association between such weight gain and risk of death from breast cancer. Moreover, adult weight gain (>17 kg) has also been associated with an increased risk of second primary breast cancer. 29 We similarly reported that the "moderate increase" trajectory, which corresponds to the greatest change in body size during adulthood (between ages 20-25 and 35-40), was associated with an increased risk of death from any cause and second invasive cancer event. Additionally, women in the "constantly high" trajectory (T4) were at increased risk of death from any cause, while large body size during adulthood was not associated with survival, suggesting that long-term excess adiposity might be as deleterious as adult weight gain and that duration of excess adiposity should be accounted for, as recently suggested also by studies on breast cancer risk. 30 Previous studies that examined the association between weight gain from age 18-20 to 1 year before diagnosis 16, 18 or usual adult weight 20 and breast cancer survival by menopausal status and did not report any heterogeneity. However, one study 16 that was able to distinguish between premenopausal and postmenopausal weight gain showed that only postmenopausal weight gain was associated with an increased all-cause and breast cancer-specific mortality. In our study, women were aged 40-65 years old in 1990. This 25 years age range when silhouettes representing body size were assessed for the last time prevented us from evaluating postmenopausal body size trajectories.
Only one study on weight gain and survival investigated the heterogeneity by hormone receptor status and reported no difference in the associations. 16 In our study, associations between trajectories and survival tended to be stronger among ER 1 PR1 tumors, the most frequent subtype in our population. This could suggest a specific role of steroid hormones, however this difference might also result from a lack of statistical power in the ER-PR-subgroup (N 5 590, 119 deaths).
One study 20 did not report any difference according to adult BMI in the association between adult weight gain and BCSS, consistently with what we observed for iDFS. Despite the absence of any interaction, our results suggest however that the association between body size trajectories and OS could be driven or increased by overweight status, with stronger estimates in overweight women.
The associations between the "moderate increase" in body size and "constantly high" trajectories and lower breast cancer survival may be related to the systemic inflammation associated with weight gain 31 and excess adiposity. 32 Indeed, together with pathways involving growth factors and insulin resistance, inflammation was previously related to poor survival outcomes. 33 Strengths of this work include detailed information on breast cancer characteristics and available data regarding factors likely to influence the evolution of body size over the life course, such as birth size and weight. 34, 35 Furthermore, all data were collected prospectively among a large number of breast cancer survivors, with long-term follow-up. However, several limitations must be acknowledged. First, the silhouette scale that was used to assess body size is not an objective measure of adiposity. A validation study within the E3N cohort 36 showed that women with the leanest silhouette tended to overestimate their body size, while women with the largest silhouette tended to underestimate their body size, which is a common issue with self-declared data. 37 However, such a classification bias would only attenuate the risk estimates. In addition, because adults are unlikely to precisely recall their body weight during childhood, silhouettes were shown to be a useful tool for lifelong approaches. 38 Few women reported silhouettes corresponding to the highest levels of adiposity. Yet, our results suggest that body size trajectories might influence survival even at relatively low levels of adiposity. Thus, we expect the observed associations to be stronger in populations with more obese women and a wider range of silhouette variations. Another limitation is that, as the E3N cohort was not originally designed to study survival, some information on tumor characteristics and treatments were incomplete or missing. However, all our analyses were stratified by periods of diagnosis to account for the evolution of cancer treatments and evaluation of prognostic and predictive factors over the 18 years of the study period.
This work shows, for the first time, the importance for women of maintaining a healthy weight over the life course not only because weight gain influences risk of cancer and other chronic diseases, but also because maintaining a healthy weight might, once the disease has occurred, improve breast cancer survival. Although these results need to be confirmed, this work sheds light on the need to combine lifelong approach to current BMI, with a focus on key periods of the women reproductive life (puberty, menopause) and duration of excess adiposity, to better identify breast cancer survivors who are at higher risk of recurrence or second primary cancer, or of death.
